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@ Optical communication using dispersion-induced FM to AM conversion with nonlinearity-induced 
stabilization. 



An optical communication system and 
method are provided which utilize dispersion- 
induced FM to AM conversion with nonlineari- 
ty-induced AM stabilization. The system and 
method utilize a frequency modulated optical 
signal transmitter, a fiber span, an optical re- 
ceiver which receives the transmitted optical 
signal and detects an AM signal resulting from 
dispersion-induced energy overlaps and voids 
in the optical signal, and one or more in-line 
amplifiers spaced within the optical fiber span. 
By adjusting the number, position and/or output 
power levels of the in-line amplifiers, stabili- 
zation of the energy voids and overlaps and 
resulting AM signal can be achieved, yielding a 
substantial increase in achievable transmission 
distance at a given bit rate. 
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Field of the Inventi n 

The present invention relates generally to im- 
provements in optical communication systems. More 
particularly, the present invention relates to optical 
communication using FM to AM conversion induced 
by f iber chromatic dispersion. 



D scrlption of the Prior Art 

Optical communication typically involves trans- 
mitting high bit rate digital data over silica glass fiber 
by modulating a laser or other optical source. Glass 
f ibers have a very broad bandwidth, on the order of 
40 000 THz, and can therefore in theory support total 
data rates on the order of 20,000 Tbits/sec. However, 
the practical fiber transmission capability is limited by 
system constraints, among the most important of 
which are the chromatic dispersion and nonHnearities 
of the optical fiber itself. Although optical fiber also at- 
tenuates the transmitted signal, at a rate of about 0.2 
dB per km, the development of erbium-doped fiber 
amplifiers (EDFAs) has essentially eliminated fiber 
attenuation as an obstacle to achieving longer trans- 
mission distances. 

Chromatic dispersion; often simply called disper- 
sion, refers to a phenomenon in which the speed of 
an optical signal through the fiber varies as af unction 
of the optical signal frequency or wavelength in stan- 
dard single-mode fibers. For wavelengths below 
about 1.3 urn longer wavelengths travel faster than 
shorter ones, and the resulting dispersion is common : 
|y referred to as normal dispersion Above 1.3 *im. 
shorter wavelengths travel faster than longer ones, 
and the dispersion is referred to as anomalous disper- 
sion. Dispersion is typically expressed in units of pi- 
coseconds per kilometer-nanometer (ps/km-nm), in- 
dicating the number of picoseconds a pulse with a 
bandwidth of 1 nanometer will spread in time by prop- 
agating over 1 kilometer of fiber. 

One important fiber nonlinearity is the Kerr ef- 
fect, in which the index of refraction increases with 
the Intensity of the applied optical signal. Changes in 
the fiber index of refraction modulate the phase of a 
signal passing through the fiber and thereby impose 
a frequency chirp which redistributes the signal fre- 
quency spectrum. This phenomenon is known as self- 
phase modulation in single channel systems in which 
the optical signal modulates itself. In multi-channel 
systems, in which one signal causes modulation of 
other signals, the phenomenon is referred to as either 
cross-phase modulation orfour-photon mixing. Lower 
frequencies are placed at the leading edge of an opt- 
ical signal pulse and higherf requencies are placed to- 
ward the trailing edge. Changes in frequency distrib- 
ution are translated to phase modulation by the fiber 
dispersion. Chromatic dispersion and the Kerr effect 
therefore both lead to increasing optical signal distor- 



tion as a function of transmission distance. For long 
distance communication over optical fiber, therefore, 
dispersion and nonHnearities must be controlled, 
compensated or suppressed. 
5 A dispersion and nonlinearity control technique, 

currently used in terrestrial and transoceanic optical 
fiber transmission, is electronic regeneration. Re- 
peaters are spaced at appropriate locations along the 
transmission path to electronically detect, regenerate 
10 and retransmitthe optical signal before the signal dis- 
tortion becomes excessive. Electronic regeneration, 
however, limits the maximum achievable data rate to 
that of the electronic hardware, rather than that of the 
wider bandwidth optical fiber. In addition, repeaters 
15 are expensive to build and maintain, do not permit 
flexible system upgradability, and must be spaced at 
relatively short intervals along the f iber to effectively 
control optical signal distortion. 

A number of repeateriess compensation techni- 
20 ques have also been developed. One such technique 
involves solitons, which are optical signal pulses hav- 
ing a well-defined amplitude, pulse width and peak 
power for a given anomalous dispersion value, such 
that self-phase modulation due to the Kerr nonlinear- 
25 ity and anomalous chromatic dispersion interact to 
stabilize the pulse shape. A soltton maintains its 
shape due to this interplay between dispersion and 
nonlinearity, and can therefore travel greater distanc- 
es without regeneration. However, soliton systems 
30 also suffer from a number of significant drawbacks, 
including timing jitter and the need for sliding frequen- 
cy filters to extend the bit rate-distance product be- 
yond approximately 100 Tbits/s-km. 

Another demonstrated compensation technique 
35 makes use of midsystem optical phase conjugation to 
compensate for first order dispersion. Because the 
phase conjugate of an optical pulse is a time reversal 
of the pulse, midspan optical phase conjugation al- 
lows the first order chromatic distortion of the first half 
40 of a f iber span to be eliminated by the identical dis- 
tortion produced as the conjugated signal propagates 
along the second half. See A. Yariv, D. Fekete and D. 
Pepper, "Compensation for channel dispersion by 
nonlinear optical phase conjugation", Optics Letters, 
45 vol 4, pp. 52-54, 1979; K. Kikuchi and C. Lozattana- 
sane, "Compensation for Pulse Waveform Distortion 
in Ultra-Long Distance Optical Communication Sys- 
tems by Using Nonlinear Optical Phase Conjugation," 
1993 Technical Digest Series Volume 14, Conference 
50 July 4-6, 1 993, Yokohama, Japan. Midsystem optical 
phase conjugation has extended the bit rate distance 
product achievable in the anomalous dispersion re- 
gion at 1.5^im wavelength of the conventional single 
mod fiber which makes up much of the world's ex- 
55 isting fiber communication channels. See A. Gnauck, 
R Jopson and R. Derosier, "10 Gb/s 360 km Trans- 
mission over Dispersive Fiber Using Midsystem 
Spectral Inversion", IEEE Photonte .Technology Let- 
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ters, vol.5, no.6, June 1993. 

Each of the above discussed techniques involve 
increasing fiber optic transmission distance by con- 
trolling or compensating dispersion and/or nonlinear- 
ities. However, it has also been recognized that chro- 5 
matic dispersion produces an FM to AM conversion 
effect which can facilitate bit detection and thereby 
extend transmission distance without controlling or 
compensating dispersion. The dispersion causes 
•shifting of adjacent signal components of different 10 
wavelengths, resulting in either energy voids or ener- 
gy overlaps at the bit transitions. Constructive inter- 
ference in an overlap causes a positive peak in the 
optical signal, while a void produces a negative peak 
These positive and negative peaks represent an AM 1 5 
signal which may be detected to reproduce the origi- 
nal bit stream. The peaks are readily detected even 
when corresponding FM or AM data would have been 
excessively distorted by fiber dispersion effects. See 
E. Bochove, E. de Carvallo and J. Filks, "FM-AM con- 20 
version by material dispersion in an optical fiber," Op- 
tics Letters, Vol. 6, No. 6, pp. 58-60, February 1 981 . 
It is therefore possible to go beyond the linear disper- 
sion limit for either FM or Am modulated systems 
alone. 25 

Demonstrated optical communication techniques 
using FM to AM conversion have an upper limit, for 1 0 
Gbit/sec transmission over fiber with a dispersion of 
1 7 ps/km-nm at 1 .5 um wavelengths, of about 1 51 km 
without in-line amplif ication, and 204 km with one in- 30 
line optical amplifier. See B. Wedding and B. Franz, 
"Unregenerated Optical Transmission at 10 
Gbit/sec ...." Electronics Letters, Vol. 29, No. 4, Feb- 
ruary 18, 1993. Thus, a bit rate distance product of 
about 2 Tbit/s-km is possible using available FM to 35 
AM conversion techniques. The present upper limit is 
primarily due to the effect of dispersion on the energy 
voids and overlaps. In addition, the effects of nonli- 
nearities in the fiber have not been taken into account 
in designing existing FM to AM conversion systems. 40 
Since the FM to AM conversion process itself is en- 
tirely linear, nonlinearities such as serf-phase modu- 
lation due to the Kerr effect have not been thought to 
play a role. 

As an alternative to fiber optic systems using re- 45 
generative repeaters, solitons or optical phase conju- 
gation, FM to AM conversion is an important techni- 
que. It is particularly useful for existing terrestrial in- 
tercity fiber optic links, which presently are generally 
made up of fiber having a chromatic dispersion of 50 
about 17 ps/nm-km at 1.55um. Important advantages 
of FM to AM conversion over other available techni- 
ques for increasing dispersion-limited transmission 
distance include reduced hardware complexity and 
system cost, as well as ease of implementation and 55 
maintenance. Furthermore, FM to AM conversion is 
better suited to most existing terrestrial links than 
either soliton transmission or optical phase conjuga- 



tion. Soliton transmission oyer terrestrial fiber would 
require prohibitively high optical signal amplitudes to 
generate sufficient Kerr nonlinearity to offset 17 
ps/nm-km of dispersion. Optical phase conjugation 
performs best over fiber which has normal, or nega- 
tive, dispersion values at the optical signal wave- 
lengths. In addition, the spacing of fiber amplifiers in 
a terrestrial link is often dictated by terrain, and may 
thus fail to satisfy the lossless line approximation re- 
quired for effective dispersion compensation using 
p,hase conjugation. Since soliton transmission or 
phase conjugation compensation may not be suit- 
able, and available FM to AM techniques are limited 
to a transmission distance of about 200 km at 10 
Gbits/see, regenerative repeaters typically must be 
used in intercity fiber links covering distances greater 
than 200 km. 

As is apparent from the above, a need exists for 
an improved optical communication systems based 
on FM to AM conversion. The improved system 
should take advantage of fiber nonlinearities in order 
to stabilize the energy voids and overlaps resulting 
from FM to AM conversion. Furthermore, the im- 
proved system should provide a substantial increase 
in bit rate distance product over presently available 
systems, without significant additional design, hard- 
ware or maintenance costs. 

Summary of the Invention 

The present invention provides a method of and 
apparatus for optimizing FM to AM conversion in an 
optical communication system. The method and ap- 
paratus of the present invention are particularly well- 
suited for extending repeaterless transmission dis- 
tance over existing terrestrial fiber links. The method 
includes the steps of providing an optical signal trans- 
mitter at one end of an optical f iber span to supply a 
frequency modulated optical signal to the fiber span; 
providing an optical signal receiver at the other end of 
the optical fiber span to receive the frequency modu- 
lated optical signal after it propagates through the 
span; providing one or more in-line amplif iers within 
the optical fiber span in positions between the trans- 
mitter and the receiver, demodulating the optical sig- 
nal entering the receiver by detecting amplification 
modulation on the optical signal resulting from fiber 
dispersion-induced energy voids and overlaps in the 
optical signal; and adjusting the positioning of the in- 
line amplifiers to stabilize the energy voids and over- 
laps in the optical signal and thereby improve detec- 
tion of amplitude modulation in the receiver. 

In accordance with one aspect of the present in- 
vention, the method includes the additional step of 
adjusting the output power of one or more of the in- 
line amplifiers to further stabilize the dispersion-in- 
duced optical signal energy voids and overlaps and 
thereby further improve the detection thereof. The in- 
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vehtion thus provides two distinct mechanisms for us- 
ing fiber nonlinearities to extend transmission dis- 
tance in systems using FM to AM conversion: adjust- 
ing amplifier spacing within the fiber span and adjust- 
ing the output power of the amplifiers within the span. 
Maximum improvement in transmission distance for a 
given bit rate will be obtained by adjusting both the 
amplifier spacing and the amplifier output power. 

In accordance with another aspect of the present 
invention, an optimized communication system for 
non-regenerated optical transmission over a distance 
of about 300 km is provided. The optimized commu- 
nication system includes desired amplifier spacings 
ind power levels for maximizing transmission dis- 
tances at a data rate of 10 Gbits/sec. Several alterna- 
tive amplifier spacings are also provided in order to 
irnprove implementation flexibility. Each provides an 
improvement over existing FM to AM conversion tech- 
niques, which are limited to a transmission distance 
of about 200 km for transmission of data at a 10 
Gbits/sec data rate. 

As a feature of the present invention, the benefits 
of FM to AM conversion are extended to higher bit rate 
distance products. For example, optical communica- 
tion at 10 Gbit/s is made possible over fiber links of 
300 km or more. The increased transmission distance 
allows for non-generated optical communication over 
a greater range of intercity links, leading to increased 
system flexibility, as well as reduced system hard- 
ware and maintenance costs. 

As another feature of the present invention, the 
dispersion-induced peaks resulting from FM to AM 
conversion are stabilized by taking advantage of fiber 
nonlinearities. System performance is therefore im- 
proved regardless of the transmission distance or 
data rate. Adjustments in optical signal amplitude are 
made by varying the number, spacing and output 
power of in-line optical amplifiers. The effects of non- 
linearities are accounted for and utilized to improve 
system capacity without adding significant design, 
hardware or maintenance costs to the optical system 
itself. 

The above-discussed features, as well as addi- 
tional features and advantages of the present inven- 
tion, will become apparent by reference to the follow- 
ing detailed description and accompanying drawings. 

Brief Description of the Drawings 

FIG. 1(a) is a schematic diagram of an optical 
communication system in accordance with the pres- 
ent invention. 

FIG. 1(b) is a qualitative illustration of the oper- 
ating regions of the system shown in FIG. 1(a). 

FIG. 2(a) is a block diagram of a f irst exemplary 
transmitter suitable for use in the system of FIG. 1 (a). 

FIG. 2(b) is a block diagram of a second exem- 
plary transmitter suitable for use in the system of FIG. 



1(a). 

FIG. 2(c) is a block diagram of an exemplary re- 
ceiver suitable for use in the system of FIG. 1 (a). 
FIG. 3 is a plot of computer simulated perfor- 
5 mance of the system of FIG. 1(a) showing data quality 
as a function of in-line fiber amplifier spacing and out- 
put power in a 300 km fiber span. 

FIG. 4 is a plot of computer simulated perfor- 
mance of an exemplary optical communication sys- 
10 tern showing data quality as a function of transmis- 
sion distance in a 300 km f iberspan. 

FIG. 5 is a plot of computer simulated perfor- 
mance of an exemplary system showing data quality 
as a function of in-line amplifier output power for a 
15 single in-line amplifier in a 200 km fiber span. 

Detailed Description 

The present invention provides techniques for op- 
20 timizing FM to AM conversion communications sys- 
tem by exploiting nonlinearities within the optical fib- 
er. Although the following detailed description illus- 
trates the utility of the present invention primarily by 
reference to a particular optical communication sys- 
25 tern, it should be understood that this is by way of ex- 
ample and not limitation. The present .invention will 
also provide advantages in other communication sys- 
tems utilizing FM to AM conversion. 

FIG: 1(a) is a schematic diagram of an optical 
30 communication system in accordance with the pres- 
ent invention. The exemplary system shown includes 
an optical fiber span 10 having several discrete fiber 
lengths 12. The fiber span 10 shown generally at 10 
includes the entire communications path from the 
35 dashed line labelled "0" to the dashed line labelled 
-3". The optical fiber in the span is either single or mul- 
ti-mode f iber and has a dispersion of about 15 to 20 
ps/km-nm at 1.5 urn wavelengths, corresponding to 
the dispersion of most existing terrestrial fiber optic 
40 communication links. An optical signal transmitter 14 
supplies a frequency modulated optical signal to fiber 
span 10. Digital data is frequency modulated onto an 
optical carrier signal by, for example, frequency-shift 
keying the optical signal frequency. With f requency- 
45 shift keyed (FSK) frequency modulation, a different 
optical signal frequency is used to represent each of 
the two logic states of the digital data. A booster am- 
plifier 16 may be utilized to amplify the transmitter 
output power to a level of about 10 to 20 mW, suitable 
so for driving fiber span 10. The frequency modulated 
optical signal propagates along the fiber span 10 to 
an optical receiver 18. A pre-amplifier 20 may be 
placed between the fiber span 10 and the input of re- 
ceiver 18 to provide additional amplification prior to 
55 detection as well as to improve the signal to noise 
performance of the receiver 18. Receiver 18 demod- 
ulates the digital data carried by the frequency modu- 
lated optical signal by detecting amplitude modula- 
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tion resulting from the dispersion-induced voids and 
overlaps at the bit transitions. The fiber span 10 in- 
cludes a plurality of in-line amplifiers 22 for overcom- 
ing the approximately 0.2 db/km attenuation loss 
within the fiber and stabilizing the gaps and overlaps 
as will be discussed below. The amplifiers 22 are pre- 
ferably erbium-doped fiber amplifier (EDFAs). Other 
types of amplif iers, including but not limited to semi- 
conductor laser amplifiers and fiber Raman amplif i- 
ers; could also be used. 

Alternative frequency modulation techniques 
could also be used in the optical communication sys- 
tem of the present invention. For example, minimum- 
3hift keyed (MSK) modulation, to be discussed in 
greater detail below, could be used in place of large 
deviation index FSK modulation. In addition, certain . 
non-standard types of frequency modulation may 
also be used. For example, a different frequency dis- 
tribution as a function of wavelength could be used to 
represent each data level. One embodiment could 
use a frequency ramp function to represent the logic 
high level, and a frequency step function to represent 
the logic low level. Many other variations in the type 
of frequency modulation could be made to optimize 
void and overlap stabilization in a particular applica- 
tion. 

For purposes of illustrating the present invention, 
the fiber span shown in the exemplary system of FIG. 
1(a) may be divided into distinct operating regions 
along the dotted lines 0, 1 , 2 and 3. FIG. 1 (b) is a qual- 
itative illustration of these operating regions. Within 
the region from line 0 to line 1 , the optical system dis- 
tortion is dominated by linear dispersion-induced FM 
to AM conversion. Within this region, the effect of non- 
linearities on overall system performance is very lim- 
ited because nonlinearity alone, without the effect of 
accumulated dispersion, will produce only a relatively 
constant optical signal phase shift which does not sig- 
nificantly degrade performance. Variation in optical 
signal power level within this region therefore has 
only a slight impact on achievable transmission dis- 
tance. Because the dispersion induced linear effects 
dominate within this region, it will be referred to as the 
quasi-linear region. The second distinct operating re- 
gion is the portion of the fiber span between dotted 
lines 1 and 2. This region is characterized by increas- 
ing importance of the nonlinear effects as a result of 
increasing accumulated dispersion within the fiber. 
Within this region the Kerr effect must be taken into 
account. Due to the increasing accumulated disper- 
sion, the performance of the system is increasingly 
sensitive to optical signal amplitude. This is because 
the frequency redistribution resulting from the Kerr 
nonlinearity will produce an increasingly larger phase 
distortion as fiber accumulated dispersion increases. 
Within this region nonlinear effects may be controlled 
by adjusting amplifier spacing AL and output power in 
accordance with the present invention. Because the 



nonlinearities are a function of optical signal amplw 
tude, adjustments in amplification and signal power 
will influence the interplay between first-order disper- 
sion and f iber nonlinearities such as self-phase mod- 
5 ulation. The first and second operating regions to- 
gether may be referred to as a single dispersion- 
mediated region since first order linear dispersion ef- 
fects are utilized within both of these regions to pro- 
duce the desired FM4o AM conversion. However, the 
10 second region may also be referred to as a nonlinear- 
ity-enhanced region because the effects of fiber non- 
linearities are used within this region to stabilize voids 
and overlaps at the receiver. 

A third operating region, between lines 2 and 3, 
15 may be utilized in certain systems. In this region, an 
additional length L2 of fiber is added to the original 
span length in order to increase the total fiber span 
length and thereby achievable bit rate distance prod- 
uct. The additional length L2 is added if, after optim- 
20 izing the amplifier output power and spacing within 
the nonlinear propagation region, the optical signal 
quality is better than that* required by the receiver. In 
such a situation, the maximum transmission distance 
may be increased for a given data rate by simply add- 
25 ing the additional fiber length. The additional fiber 
length L2 adversely affects signal quality, and should 
therefore be limited to a length which produces the 
signal quality at the receiver required for a desired 
level of system performance. In other words, the ad- 
30 ditional length may be added if the interplay between 
fiber nonlinearity and dispersion improves the signal 
quality beyond the required signal quality for the sys- 
tem. As a result, the amplifier spacings and amplifier 
output powers in a system optimized for a given 
35 length may be used in a system of a longer length by 
simply adding an additional length of fiber, provided 
signal quality requirements are met despite the addi- 
tional length. 

FIG. 2 illustrates in greater detail the transmitter 
40 and receiver hardware. FIG. 2(a) is a block diagram 
of an exemplary optical transmitter suitable for use in 
the present invention. Transmitter 14 includes an opt- 
ical source 30 directly driven by a pattern generator 
32. Optical source 30 may be a single mode distrib- 
45 uted feedback (DFB) laser, as shown, or any other 
type of optical source suitable for direct modulation, 
including, for example, a distributed Bragg (DBR) las- 
er. Pattern generator 32 serves as a digital data 
source which directly FSK modulates optical source 
50 30 to produce a frequency modulated optical signal. 
Pattern generator 32 is used for performing bit error 
rate tests on the fiber span, generating eye diagrams, 
or otherwise testing the quality of the fiber span. The 
significance of eye diagrams as a gauge of the sys- 
55 tern performance will be described below. The digital 
data pattern generated in the transmitter can be rec- 
ognized at the receiver and used to synchronize 
equipment such as a bit errorrateJtest set. Under ac- 
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tual use, the pattern generator 32 is replaced by a dig- 
ital data source representing digitally encoded infor- 
mation to be transmitted across the fiber span. 

An alternative to direct modulation of the optical 
source is shown in FIG. 2(b). In this embodiment, 
transmitter 14 includes an optical source 30 and pat- 
tern generator 32, as in the previously described em- 
bodiment However, an external phase modulator 34 
is used here in place of direct optical source modula- 
• tion. The pattern generator 32 drives external modu- 
lator 34 to produce a signal phase modulated at the 
transmission data rate. This phase modulated signal 
drives the optical source to produce a frequency 
modulated optical signal. For example, a linear phase 
modulation, with a positive slope corresponding to 
logic high levels and a negative slope corresponding 
to a logic low levels, will produce a frequency modu- 
lated optical signal. 

FIG. 2(c) shows an exemplary receiver 18 in 
greater detail. In the embodiment shown, the receiver 
18 includes a three-level detector 36 and a clock re- 
covery circuit 38, both of which drive a decision circuit 
40. The level detector 36 converts the three level FM 
to AM converted optical signal to a two-level digital 
signal. The three levels of the input optical signal in- 
clude the dispersion-induced energy overlaps, the 
dispersion-induced energy voids, and the residual 
signal strength between these peaks. These three 
levels are converted in the three-level detector 36 to 
a standard two-level signal. The clock recovery circuit 
38 regenerates the system clock from the incoming 
optical signal. The two-level signal output of three- 
level detector 36 is fed into decision circuit 38 with the 
regenerated system clock such that the optical signal 
may be demodulated to recover the originally trans- 
mitted digital data stream. Without the effects of FM 
to AM conversion and the resulting dispersion-in- 
duced voids and overlaps as in standard AM or FM 
transmission, the optical signal reaching receiver 18 
would be excessively distorted and not suitable for 
substantially error-free reconstruction of the original 
data. 

The three-level detector 36 in the exemplary re- 
ceiver embodiment shown could use two separate 
two-level detectors to operate on the three incoming 
levels. One two-level detector would detect energy 
voids, and the other energy overlaps. Decoding logic 
would follow the two detectors to combine their out- 
puts into a single two-level data stream. Alternatively, 
the three-level detector 36 could be implemented as 
a single integrator instead of two separate two-level 
detectors. The integrator could operate directly on the 
three-level optical signal to produce a two-level signal 
which could be directly input into decision circuit 40. 
Integratoroperation in receivers is well known and will 
not be further described herein. It should be noted, 
however, that the differentiator normally used follow- 
ing an integrator in a receiver would generaHy be un- 



necessary in an FM to AM conversion system. 

The present invention provides a method of im- 
proving FM to AM conversion which utilizes the 
above-described system and operating regions. The 
5 method includes the following steps. Initially, an opt- 
ical signal transmitter is provided at one end of the 
optical fiber span. The transmitter supplies, by either 
dirext or indirect modulation of an optical source, a 
frequency modulated opjical signal to the fiber span. 
10 An optical signal receiver Is also provided at the op- 
posite end of the optical fiber span. The optical receiv- 
er receives an optical signal from the fiber span and 
demodulates the optical signal by detecting ampli- 
tude modulation on the optical signal resulting from 
15 fiber dispersion-induced energy voids and overlaps. 
At least one in-line amplifier is provided within the fib- 
er span in order to control fiber nonlinearities. The 
position of the amplifier or amplifiers is adjusted until 
optimal performance is obtained. The number of am- 
20 plif iers used within a given span may also be varied 
to determine an optimal configuration. The effect of 
using fewer amplif iers on a given span length, how- 
ever, may be overcome to a certain extent by increas- 
ing the output power of each of the amplif iers. 
25 The term "adjusting" as used herein in the context 

of the number, position and output power of in-line 
amplifiers, refers to a variety of adjustment techni- 
ques, including physical adjustment of these parame- 
ters in an actual system, or simulated adjustment of 
30 these parameters in a computer programmed model 
of optical signal propagation through fiber. As will be 
discussed below, the equations governing perfor- 
mance of optical fiber communications systems are 
well known and readily programmed and solved by 
35 those skilled in the art, and simulation of system per- 
formance may therefore be preferable in many appli- 
cations. However, it is also possible to vary the num- 
ber, position and output power of in-line amplifiers by 
physically hooking up and measuring the perfor- 
40 mance of various arrangements. 

Although in FIG. 1(a) the in-line amplifiers are 
shown evenly distributed throughout the span, an 
even distribution is not required. The amplifiers may 
be placed at a variety of positions between the trans- 
45 mitter and the receiver in order to properly control for 
the effect of f iber nonlinearities. Similar effects may 
be obtained for different numbers and positions of in- 
line amplifiers by adjustments in amplifier output 
power. However, for ease of construction and imple- 
so mentation, evenly spaced in-line amplifiers are pre- 
ferable. In applications in which amplifier spacing is 
determined by factors such as terrain, the advantages 
of the present invention may still be obtained by an 
adjustment of amplifier output power. 
55 FIG. 3 is a plot of computer simulated perfor- 

mance of the system of FIG. 1(a) showing data quality 
as a function of in-line fiber amplifier output power. 
The simulation used a computer programmed model 
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of optical signal transmission, based upon the nonli- 
near Schroedinger equation describing pulse propa- 
gation in optical fiber. Since the equation and techni- 
ques for programming and solving it are well known, 
the details of the computer program used in the sim- 
ulation will not be further described herein. For the 
system simulations shown, a fiber span length of 300 
km was used. This length is approximately 50% lon- 
ger than the demonstrated upper limit of prior art FM 
to AM conversion systems operating at 10 Gbits/sec. 
The present invention will also provide advantages in 
system performance for fiber spans having longer or 

Shorter lengths. The 300 km length utilized is one 
yer which a bit error rate of better than 10-* is ob- 
tained, for purposes of comparison with current sys- 
tems achieving a similar bit error rate over 200 km.. 
The fiber span length may be increased beyond 300 
km, and although the bit error rate of the system may 
increase, improvements over the results obtained us- 
ing present techniques will still be provided. 

the simulation, results shown in FIG. 3 utilize 
minimum shift keyed (MSK) modulation at 10 
Gbits/sec. Although a modulation index of about 0.5 
was used, higher and lower modulation indices were 
also simulated and resulted in no significant improve- 
ment in performance. With MSK modulation, the dif- 
ference in frequency between the two optical signal 
components which represent each binary data level 
is^the minimum difference necessary to maintain or- 
thogonality between the two signal components. As 
mentioned above, other digital frequency modulation 
techniques, such as FSK with modulation indices 
greater than 0.5, could also be used. With an FSK 
modulation technique, the frequency spacing be- 
tween the two optical signals representing the binary 
data levels will be greater than the frequency spacing 
used in MSK modulation. Therefore, the limiting dis- 
tance will be reduced because the larger frequency 
spacing leads to greater dispersion effects. FM indic- 
es greater than 0.5 will therefore generally be used in 
FM to AM conversion systems transmitting over dis- 
tances of about 50 to 120 km, while MSK will be used 
to transmit over distances greater than about 120 km. 
For transmission distances of less than about 50 km, 
FM to AM conversion may generally be replaced by 
standard FM or AM transmission. System perfor- 
mance in FIG. 3 is measured in terms of normalized 
eye opening. The terrn eye opening refers to a meas- 
ure of the separation between high and low data lev- 
els across all data in a pseudorandom stream of test 
data. An open eye indicates a separation between the 
data levels, which theoretically permits error-free lev- 
el detection within the receiver. The designation A.U. 
on the vertical axis of the plot in FIG. 3. refers to ar- 
bitrary units. The arbitrary units provide a measure of 
eye opening corresponding to the measured separa- 
tion between the lowest value of a high logic state and 
the highest value of a low logic state. Although any 



separation between the lowest and highest values 
will theoretically allow error-free detection in a noise- 
free system, the amount of separation in a practical 
system provides an indication of what signal to noise 

5 performance will be required for substantially error- 
free transmission. The eye opening measurement in 
arbitrary units is normalized to the performance of a 
linear system, where the maximum attainable eye* 
opening is about 5.0 A.U. In the simulation plots dis- 

10 cussed below, eye opening therefore may be used as 
a quantitative measure of system performance by 
comparing measurements for points on two different 
curves. 

The method of the present invention was simulat- 
es ed on an exemplary 300 km fiber span, by adjusting 
the number and position of in-line amplifiers, as well 
as the amplifier output power. System performance 
was simulated for three different in-line amplifier ar- 
rangements. For each arrangement, performance 
20 was plotted as a function of amplifier output power. 
The resulting curves, shown in FIG. 3, indicate that 
system performance improves as a function of EDFA 
output power in each configuration. Each of the 
curves shown exhibits a performance peak at a dif- 
25 ferent amplifier output power level. 

For comparison purposes, FIG. 3 includes a 
curve which shows the performance results for a per- 
fectly lossless line requiring no in-line amplification. 
The data points are indicated by open triangles. An 
30 eye opening of about 4.8 A.U. is obtained for a optical 
signal power of about 4 mW. It can be seen that per- 
formance improves as the booster amp output power 
is increased up to the optimal output power, but after 
the optimal power performance degrades as nonl'h 
35 near effects induce excessive optical signal distor- 
tion. 

In the first amplifier arrangement, with data 
points shown as open circles, two in-line amplifiers 
were evenly spaced about 100 km apart within the 

40 300 km span. System performance in terms of nor- 
malized eye opening was measured as a function of 
the EDFA in-line amplifier output power. It was found 
that for this case, performance was optimal at an am- 
plifier output power of about 14.5 mW. At this optimal 

45 power level, a normalized eye opening of about 4.1 
A.U. was obtained. An improvement in performance 
over the two amplifier case was obtained by using 
three in-line amplifiers evenly spaced 75 km apart 
within the 300 km span. The resulting curve, with data 

50 points shown as closed circles, exhibited a perfor- 
mance peak of about 4.6 A.U. at about 1 3.5 mW. Af ur- 
ther improvement in performance was obtained by 
using four in-line amplifiers evenly spaced 60 km 
apart within the 300 km fiber span. The data points 

55 are indicated by closed triangles. In the four amplifier 
case a performance peak of about 5.7 A.U. was ob- 
tained at an EDFA output power of about 11 .5 mW. For 
each of the three cases shown, therefore, an ampli- 
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f ier output power in the range between about 1 0 to 1 5 
mWwas preferable. 

The simulation results of FIG. 3 indicate that the 
performance curves shift toward the lossless line 
case as additional amplifiers are added to the sys- 
tem. The inclusion of additional amplifiers would re- 
sult in optimal performance at lower amplifier output 
powers. However, the level of performance would not 
be substantially improved for the 300 km span by us- 
. ing more than four in-line amplif iers, because the op- 
timal performance is already about the same as that 
of the lossless span, approximately 4.7 A.U. The 
method of the present invention would therefore indi- 
cate the use of four evenly spaced in-line amplifiers, 
each with an output power of about 11.5 mW, in order 
to optimize FM to AM conversion on a 300 km fiber 
span. However, other configurations may be desir- 
able in a given application. For example, the improve- 
ment in performance from the three amplifier case to 
the four amplif ier case is between about 0.1 and 0.2 
A.U. In certain applications in which component cost 
is more important than obtaining optimal perfor- 
mance, it may be preferabJe to use three in-line am- 
plifiers operating at a higher output power level. Sim- 
ilar considerations may lead to the use of only two in- 
line amplifiers in a given application. 

FIG. 4 illustrates the system performance at 10 
Gbits/s as af unction of fiber span length, or transmis- 
sion distance. Four curves are shown. The first curve, 
with data points indicated by open circles, corre- 
sponds to MSK frequency modulation in a purely lin- 
ear FM to AM conversion system. The linear FM to AM 
conversion curve has a peak performance of 4.5 A.U. 
at a transmission distance of about 1 25 km. The curve 
also indicates performance of about 4.2 A.U. at about 
1 70 km. The effect of using MSK modulation in an FM 
to AM conversion system with an optical signal power 
of about 15.0 mW is shown by the second curve, with 
data points indicated by closed circles. The second 
curve shows that little improvement is obtained over 
the purely linear case by raising the optical signal 
power to 15.0 mW. This is because, as discussed 
more fully above, the booster amplifier is within the 
quasi-linear region, where the first order dispersive 
effects of the fiber dominate. The increase in optical 
signal power within this region therefore has little ef- 
fect on the overall performance. The third curve, with 
data points indicated by closed triangles, shows the 
performance improvement obtained using a single 
midspan in-line amplifier with an output power of 
about 15.0 mW. The first point in the curve corre- 
sponds to the placement of an amplifier at the 100 km 
position in a 200 km fiber span. As shown, an im- 
provement in performance is obtained, but not as sig- 
nificant as that obtained using two in-line amplifiers 
in a configuration determin d in accordance with the 
present invention. Using a single midspan amplif ier in 
a 300 km span results in the second data point of the 
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curve. Performance as measured by normalized eye 
opening is only about 2.0, a significant degradation 
from the two in-line amplifier result discussed below. 
The curve indicates that systems using a single mid- 
5 span in-line amplifier are limited to 4.2 A.U. perfor- 
mance at a transmission distance of no more than 
about 250 km. 

' The final curve in FIG. 4, with data points corre- 
sponding to open triangles, shows the performance 
10 of an evenly spaced two' in-line amplif ier system as a 
function of transmission distance. It was mentioned 
above that performance with a two amplifier arrange- 
ment was optimized for an amplifier output power of 
about 15.0 mW. Using this optimal output power val- 
15 ue. system performance was simulated as a function 
of the transmission distance. Optimal performance of 
about 5.5 A.U. was obtained at a transmission dis- 
tance of about 1 90 km. Furthermore, performance of 
about 4.2 A.U., comparable to that obtained at a max- 
20 imum distance of 170 km using purely linear FM to AM 
conversion techniques, was obtained at a distance of 
300 km. An improvement in maximum fiber span 
length of about 130 km is obtained. The present in- 
vention thus provides a significant increase in achiev- 
25 able transmission distance at a given bit rate. 

FIG. 5 illustrates the computer simulated perfor- 
mance of another exemplary system, having a single 
in-line amplifier in a 200 km fiber span. MSK modu- 
lation at a modulation index of 0.5 is used. The am- 
30 plif ier position is fixed at the midpoint of the span, at 
100 km. Normalized eye opening is shown in A.U. as 
a function of the output power of the single in-line am- 
plifier. It can be seen that optimal performance in 
terms of eye opening is obtained for an in-line ampl'h 
35 fier output power of about 26 mW. Further improve- 
ment in performance may also be obtained by adjust- 
ing the position of the single in-line amplifier within 
the span. FIG. 5 shows that for a given amplifier spac- 
ing, performance improvement may be obtained sim- 
40 ply by adjusting amplifier output power. FM to AM 
conversion systems demonstrated to date have not 
reported use of this adjustment to improve perfor- 
mance for a given spacing. 

The achievable transmission distance may be in- 
45 creased in the configurations discussed by an addi- 
tional fiber length placed in the 2 to 3 region of FIGS. 
1 (a) and 1 (b). For example, FIG. 4 indicates that a two 
in-line amplif ier system operating at 10 Gbits/s over 
a fiber span of 300 km with an amplifier output power 
50 of about 15 mW will yield a normalized eye opening 
of about 4.2 A.U. If the system receiver can proctuce 
a desired system bit error rate with an eye having an 
A.U. of 4.0, an additional length of fiber may be added 
to the span. An additional length of about 25 km will 
55 cause a further degradation in A.U., but the receiver 
will still meet the system performance requirements. 
Total fiber span length is thereby further extended, re- 
sulting in a higher bit rate distance product for the sys- 
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tern. 

In the above description the same physical me- 
dium, dispersive f iber, was typically used in a distrib- 
uted way to generate the FM to AM conversion and 
nonlinearity-stabilize the AM. However, it is also pos- 5 
sible to spatially separate the processes of FM to AM 
conversion and nonlinearity-induced stabilization, 
For example, in a first non-dispersive or low-disper- 
sive fiber, nonlinearity could generate a well-defined 
•FM, and a subsequent conversion of this FM to AM 10 
could be effectuated in a second highly dispersive 
standard fiber. Several stages of these first and sec- 
ond fibers could be cascaded. Furthermore, in place 
of the dispersive standard fiber, a linear dispersive fit- 
ter could be used. Other variations in the spatial sep- 15 
aration of FM to AM conversion and nonlinearity-in- 
duced stabilization could also be made. 

Although the foregoing detailed description was 
primarily directed to improved FM to AM conversion 
in the context of an optical communication system, it 20 
should again be emphasized that the embodiments 
discussed are exemplary only. For example, it has 
been noted that although the simulated configura- 
tions utilized even spacing of in-line amplifiers, alter- 
native spacings could also be used. In accordance 25 
with the invention, various system parameters, in- 
cluding but not limited to amplifier number, position 
and output power, lengths and types of optical fiber, 
and transmitter/receiver characteristics, may be al- 
tered to suit the needs of a given application. These 
and other alternatives and variations in the arrange- 
ments shown will be readily apparent to those skilled 
in the art 



Claims 

1. A method of transmitting optical signals through 
an optical fiber span, said method comprising the 
steps of: 

providing an optical signal transmitter at 
one end of said optical fiber span for supplying a 
frequency modulated optical signal to said optical 
fiber span; 

providing an optical signal receiver at an 45 
opposite end of said optical fiber span for receiv- 
ing said optical signal from said optical fiber 
span; 

providing an in-line amplifier within said 
optical fiber span in at least one position between so 
said transmitter and said receiver; 

demodulating said frequency modulated 
optical signal entering said receiver by detecting 
amplitude modulation on said optical signal re- 
sulting from fiber dispersion-induced energy 55 
voids and overlaps in said optical signal; and 

adjusting said position of said in-line am- 
plifier to stabilize said energy voids and overlaps 



in said optical signal and thereby improve detec- 
. tion of said amplitude modulation in said receiver. 

2. The method of claim 1 further including the step 
of adjusting the output power of at least one of 
said in-line amplifiers to further stabilize said en- 
ergy voids and overlaps in said optical signal and 
'thereby further improve detection of said ampli- 
tude modulation. 

3 r The method of claim 1 wherein said step of pro- 
viding an in-line amplifier in at least one position 
and said step of adjusting said position of said in- 
line amplifier includes providing four in-line am- 
plifiers substantially evenly spaced within said 
optical fiber span. 

4. The method of claim 3 wherein said optical fiber 
span has a length of about 300 km and said four 
in-line amplifiers are substantially evenly spaced 
within said span about 60 km apart 

5. The method of claim 1 wherein said step of pro- 
viding an in-line amplifier in at least one position 
and said step of adjusting said positions of said 
in-line amplifiers includes providing three in-line 
amplifiers substantially evenly spaced within 
said optical fiber span. 



30 6. The method of claim 5 wherein said optical fiber 
span has a length of about 300 km and said three 
in-line amplifiers are substantially evenly spaced 
within said span about 75 km apart 

35 7. The method of claim 1 wherein said step of pro- 
viding an in-line amplifier in at least one position 
and said step of adjusting said positions of said 
in-line amplifiers includes providing two in-line 
amplifiers substantially evenly spaced within 
40 said optica! fiber span. 



8. The method of claim 7 wherein said optical fiber 
span has a length of about 300 km and said two 
in-line amplifiers are substantially evenly spaced 
within said span about 100 km apart. 

9. The method of claim 1 further including the step 
of adding a length of optical fiber between said 
receiver and an output of said in-line amplifier 
closest to said receiver, to provide an increase in 
a total length of optical fiber in said optical fiber 
span. 

10. The method of daim 2 wherein said step of ad- 
justing said output power of at least one of said 
in-line amplifiers includes adjusting said output 
power of said in-line amplifier to about 10 to 15 
milliwatts. _ 
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11. An optical communication system comprising: 
an optical fiber span; 

an optical signal transmitter at one end of 
said optical fiber span for supplying a f r quency 
modulated optical signal to said optical fiber 
span; 

an optical signal receiver at another end of 
said optical fiber span for receiving said optical 
signal from said optical fiber span, said optical 
signal receiver demodulating said optical signal 
by detecting amplitude modulation on said opti- 
cal signal resulting from fiber dispersion-induced 
energy voids and overlaps in said optical signals; 
\ and 

at least one in-line amplifier within said 
optical fiber span at a position between said 
transmitter and said receiver, said position of said 
in-line amplifier adjusted to stabilize said energy 
voids and overlaps in said optical signal and 
thereby improve detection of said amplitude 
modulation in said receiver. 

12. The communication system of claim 11 wherein 
said in- line amplifier has an output power of 
about 10 to 20 milliwatts. 

13. The communication system of claim 11 including 
four in-line amplifiers substantially evenly 

\ spaced within said optical fiber span. 

14. The communication system of claim 13 wherein 
said optical fiber span has a length of about 300 
km and said four in-line amplif iers are substan- 
tially evenly spaced about 60 km apart within said 
span. 

15. The communication system of claim 11 including 
three in-line amplifiers substantially evenly 
spaced within said optical f iber span. 

16. The communication system of claim 15 wherein 
said optical fiber span has a length of about 300 
km and said three in-line amplifiers are substan- 
tially evenly spaced about 60 km apart within said 
span. 

17. The communication system of claim 11 including 
two in-line amplifiers substantially evenly spaced 
within said optical fiber span. 

18. The communication system of claim 17 wherein 
said optical fiber span has a length of about 300 
km and said two in-line amplifiers are substan- 
tially evenly spaced about 100 km apart within 
said span. 

19. The communication system of claim 11 further in- 
cluding an additional length of optical fiber be- 



tween said receiver and an output of said in-line 
amplifier closest to said receiver, such that a total 
length of optical fiber in said optical fiber span is 
increased. 

20. The system of claim 11 wherein said optical fiber 
span includes fiber having a dispersion of about 
15 to20 ps/km-nm. 
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